Rationale: Results from 16S rDNA-encoding gene sequence-based, culture-independent techniques have led to conflicting conclusions about the composition of the lower respiratory tract microbiome. Objectives: To compare the microbiome of the upper and lower respiratory tract in healthy HIV-uninfected nonsmokers and smokers in a multicenter cohort. Methods: Participants were nonsmokers and smokers without significant comorbidities. Oral washes and bronchoscopic alveolar lavages were collected in a standardized manner. Sequence analysis of bacterial 16S rRNA-encoding genes was performed, and the neutral model in community ecology was used to identify bacteria that were the most plausible members of a lung microbiome. Measurements and Main Results: Sixty-four participants were enrolled. Most bacteria identified in the lung were also in the mouth, but specific bacteria such as Enterobacteriaceae, Haemophilus, Methylobacterium, and Ralstonia species were disproportionally represented in the lungs compared with values predicted by the neutral model. Tropheryma was also in the lung, but not the mouth. Mouth communities differed between nonsmokers and smokers in species such as Porphyromonas, Neisseria, and Gemella, but lung bacterial populations did not. Conclusions: This study is the largest to examine composition of the lower respiratory tract microbiome in healthy individuals and the first to use the neutral model to compare the lung to the mouth. Specific bacteria appear in significantly higher abundance in the lungs than would be expected if they originated from the mouth, demonstrating that the lung microbiome does not derive entirely from the mouth. The mouth microbiome differs in nonsmokers and smokers, but lung communities were not significantly altered by smoking.
Standard microbiological culture-based methods detect only a small proportion of bacterial diversity present in different body 
AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Definition of the human microbiome is an area of high interest, but studies of the lung microbiome are at early stages. Culture-independent techniques have produced conflicting conclusions about the composition of the lower respiratory tract microbiome. In order to understand changes in the microbial composition of the lung in respiratory disease, characterization of the lung microbiome in healthy individuals is needed.
What This Study Adds to the Field
We evaluated the respiratory tract microbiome in healthy individuals using standardized techniques in a multicenter study. This study is the largest to date of the lower respiratory tract in a healthy population and the first to apply the neutral theory of community ecology to compare the lung to the oral cavity. We found that lung bacterial communities resemble those in the oral cavity, but specific bacteria appear in significantly higher abundance in the lungs than would be expected if they originated from the mouth, demonstrating that the lung microbiome does not derive entirely from the oral cavity in healthy individuals. Smoking appeared to influence the oral microbiome, but we did not find significant differences in the lungs of smokers and nonsmokers.
sites, because the great majority of these organisms are to date uncultivated. Culture-independent profiling techniques have allowed detection of complex microbial communities in various body sites, including the skin, oral cavity, and gastrointestinal tract (1, 2). Recent applications of these techniques have led to increased understanding of roles of microbial communities in health and in diseases such as inflammatory bowel disease, obesity, and dental caries (3) (4) (5) .
Because organisms are rarely cultured from lungs of healthy individuals, it has historically been presumed that the lung is sterile in the normal host. However, because the lungs are constantly exposed to bacteria both from the environment and from the upper airway, the lungs may not be free of microbes. Understanding the microbial composition of the lung in healthy individuals is necessary to understand changes that may occur with respiratory diseases such as chronic obstructive pulmonary disease (COPD) or in immunosuppressed individuals such as those with HIV infection. Culture-independent techniques investigating various respiratory samples have produced conflicting conclusions about the composition of the lower respiratory tract microbiome (6) (7) (8) (9) (10) . Controversy persists over the existence of distinct organisms in the lung and whether bacteria in the lungs represent microaspiration of oral microbiota or whether upper respiratory contamination of lower respiratory tract samples is caused by passing a bronchoscope through the oral cavity to obtain lung samples. In addition, because of the methodological challenges of these types of studies and the intensity of data analyses, small sample sizes and single-center designs are common, limiting generalization of results. Differences in study populations, geographical location, sample collection techniques, types of respiratory samples examined, and differences in DNA sequencing methodologies all compound the difficulty in comparing existing studies of the lung microbiome.
Optimal techniques to analyze lung microbiome data are also not yet established. As mentioned above, microbes from the mouth are regularly introduced into the lower respiratory tract. Therefore, defining the respiratory microbiome is a two-step process. First, it is necessary to test whether dispersal from the mouth, rather than active environmental selection in the lungs, can sufficiently explain the composition of the microbial community in the lungs. Second, we need to pick out bacterial groups whose distribution in the lungs cannot be explained by dispersal from the mouth, because these are the most plausible members of a lung microbiome. The neutral theory of community ecology is a novel analytic method to assess the respiratory microbiome by performing these two steps. This theory assumes that all species in a community are functionally equivalent (i.e., the observed distribution of species is not a result of active environmental selection) (11) , and that dispersal from a source community and randomness in birth and death of microbes are sufficient to explain the observed community structure. Therefore, the neutral theory can be used as the null hypothesis to test whether dispersal from the mouth (source community) can satisfactorily describe the observed microbial distribution in the lung and to pinpoint bacterial groups that significantly deviate from "neutrality," suggesting that these microbes might have some advantage in the lung.
Smoking may also have a direct impact on the composition of the respiratory microbiome. Prior work has detected bacterial DNA in cigarettes, and immunologic alterations that occur with smoking could lead to changes or shifts in microbial community structures (12, 13) . Some studies have found differences in the upper respiratory tract microbial composition of smokers and nonsmokers (14) . Others have found few differences in the lower respiratory tract microbiome of smokers and nonsmokers, but these studies have examined small numbers of subjects (7) .
In the present study, our objective was to use a neutral community model to compare the microbiome of the upper and lower respiratory tract in a large number of strictly defined healthy nonsmokers and smokers. These subjects are enrolled in a multicenter cohort, part of the larger Lung HIV Microbiome Project (LHMP) sponsored by the National Heart, Lung, and Blood Institute to characterize the microbiome of the lung. This study is the first project of the group and was designed to establish the lung microbiome in an HIV-uninfected, healthy population. These results represent the most comprehensive evaluation of the normal human lung microbiome to date.
METHODS

Study Design
We performed a prospective, multisite, observational cohort study. The study was approved by the institutional review boards at participating sites. Written, informed consent was obtained from all study participants.
Participants
Participants were otherwise healthy current smokers and nonsmokers who were recruited in eight cities participating in the LHMP. Inclusion criteria for both nonsmokers and smokers were men and women aged 18 to 80 years; no use of antibiotics or immunosuppressive medications in the past 3 or 6 months, respectively; and no evidence of an acute respiratory process defined as no reported fever, cough, or upper respiratory symptoms for the previous 4 weeks. Individuals with a known history of any pulmonary disease (e.g., chronic obstructive pulmonary disease or asthma) or history of abnormal pulmonary function testing were excluded. Detailed inclusion and exclusion criteria are provided in the online supplement.
Sample Collection
Subjects were asked to fast and refrain from smoking for at least 12 h before sample collection. Oral washes (OW) were performed by having participants gargle with 10 ml sterile 0.9% saline immediately before bronchoscopy. Sterile saline in a sample collection cup was used as an oral wash control. Before bronchoscopy, 10 to 50 ml of sterile 0.9% saline were washed through the bronchoscope and collected as a control for DNA in the bronchoscope. Bronchoalveolar lavage (BAL) was performed according to standardized procedures developed to minimize oral contamination (10) . Participants gargled with an antiseptic mouthwash (Listerine) immediately before topical anesthesia. The bronchoscope was then inserted through the mouth and advanced to a wedge position quickly and without use of suction. BAL was performed in the right middle lobe or lingula up to a maximum of 300 ml 0.9% saline.
Sample Processing and Sequencing
DNA was extracted from samples using standard techniques at each center and shipped to the sequencing center at Washington University (online supplement). Sequencing was performed using Roche 454 FLX Titanium platform using primers for variable regions 1 through 3 (V1-3) and 3 through 5 (V3-5) (online supplement). To verify that DNA processed at different centers produced comparable sequencing results, we also performed a pilot study assessing results of test samples at each center (online supplement).
Because of the low biomass associated with the respiratory tract, we were concerned that reagent-derived contaminants could confound our analysis. Therefore, in addition to BAL and OW samples, DNA was extracted from reagents and from BAL and OW control samples taken before sampling. These control samples were processed in parallel with the actual BAL and OW samples. Ordination of the BAL controls and samples (using V1-3 data) demonstrated that several BAL samples had community structures resembling those of the control subjects (see Figure E1A in the online supplement). These samples were removed from further analyses both for V1-3 and V3-5. Similar analysis with V3-5 data did not show any significant degree of overlap with control subjects ( Figure E1B ).
Sequence Curation and Analysis
16S rRNA gene sequences were curated essentially as described previously using the mothur software package (15, 16) (online supplement).
Comparison of Lung and Oropharynx Populations
A neutral community model (17) was modified and used to distinguish operational taxonomic units (OTUs) that are a result of dispersal from the mouth and those that might be members of a lung microbiome. The neutral model was applied to the 16S rRNA-encoding gene sequence surveys from the lung and mouth using both the V1-3 and V3-5 regions for both nonsmokers and smokers in R (18) . We constructed 95% binomial confidence intervals for the neutral model based on the Wilson method (19) with the Hmisc package in R (18) . OTUs that fell between the confidence intervals were considered to be present as a result of dispersal from the mouth. OTUs that fell outside the upper bound of the confidence interval on the left were found at disproportionately higher frequencies in the lung than predicted by the neutral model based on their abundance in the mouth. OTUs that fell outside the lower bound of the confidence interval on the right were found less frequently in the lungs than predicted by the neutral model. Among the OTUs that were more frequent in the lung than predicted by the neutral model, those that had a mean relative abundance greater than or equal to 0.5% in the lung were considered the strongest candidates for environmental selection in the lung. Furthermore, a Wilcoxon t test was performed on the mean relative abundance of these OTUs between the lung and mouth to determine the statistical significance, using the MASS package in R (18).
Comparisons at the OTU level were also performed between OW and BAL samples from each individual and between OW and BAL in nonsmokers versus smokers. Alpha diversity (a measure of the number of different bacterial sequences in a sample) was measured using the number of observed OTUs, the Shannon and inverse Simpson indices, and phylogenetic diversity (20, 21) . Beta-diversity (a measure of the number of different sequences among samples) was measured using Q YC because it provides a balanced representation of abundant and rare populations and is less sensitive to problems of undersampling compared with other metrics (22) . Statistical comparisons based on Q YC were performed using nonparametric analysis of variance (23) . OTU-by-OTU statistical comparisons were performed using the Kruskal-Wallis rank sum test, and we corrected for multiple comparisons using stepdown Bonferroni correction (24) . To compare indices between BAL and OW samples, we used linear regression mixed models and assumed an unstructured correlation matrix to control for the repeated measurement per participant.
We then examined several potential confounders of our analyses. Because there were few women smokers, we repeated analyses comparing OW and BAL in nonsmokers and smokers with women excluded. We also examined the effect of degree of smoking by comparing results by participants dichotomized to above and below the median pack-year smoking history. To determine if body mass index (BMI) might confound analyses, we also compared diversity measures and OTU analyses of OWs and BALs categorized by BMI below 18.5 kg/m 2 (underweight), 18.5 to less than 25 (normal weight), 25 to less than 30 (overweight), and greater than or equal to 30 (obese) in the 59 participants with these data available. We also repeated diversity indices analyses comparing OW and BAL at each center with adjustment for smoking status to determine if there were any systematic differences between centers.
RESULTS Cohort
Sixty-four participants were enrolled from eight cities (Table 1) . Forty-five were nonsmokers, and 19 were current smokers.
Nonsmokers and smokers were similar in age and ethnicity, but smokers were more likely to be men. Among smokers, median pack-year history was 18 pack-years with a range of 7 to 41 packyears. Median BMI was 25.7 kg/m 2 (interquartile range, 20.4-31) for the cohort.
Evidence for a Lung-Specific Microbiome
In our implementation of the neutral model, the mouth was tested as a source for bacterial OTUs found in the lungs. If the composition of the microbial community in the lung was derived through dispersal from the mouth rather than environmental selection in the lung, the mean relative abundance of each OTU in the mouth would dictate the frequency with which that OTU is detected in the lungs. Therefore, a plot of the relative abundance of OTUs in the mouth versus the detection frequency of OTUs in the lung would result in a continuous monotonically increasing curve converging on 1. Accordingly, we found that the neutral model with the mouth as a source explained much of the microbial community observed in the lungs (Figures 1 and 2 ; Spearman rank correlation coefficient between the model prediction and empirical observation was > 0.84). This finding suggests that dispersal from the mouth is largely responsible for the composition of the microbial community in the lung at the depth of sequence reads analyzed. However, it is noteworthy that we were also able to identify OTUs that were disproportionately represented in the lung as compared with the values predicted by the neutral model (Figures 1 and 2 ). For example, based on the V1-3 region in nonsmokers comparing oral wash and BAL, OTUs #30 (classified as Ralstonia sp.) and #72 (classified as Bosea sp.) were disproportionately represented in the lung (Figure 1 ). Based on data from the V3-5 region in nonsmokers' oral wash and BAL, OTUs #130 (classified as a Haemophilus sp.), #229 (classified as Enterobacteriaceae sp.), and #239 (classified as a Methylobacterium sp.) were also disproportionately represented (Figure 2 ). OTU #229 (Enterobacteriaceae sp.) was also identified as being disproportionately represented in the lungs of smokers compared with the mouths of smokers (Figure 2 ).
OTU-Level Comparisons of Oral and Lung Microbiome
We also used OTU-level analyses to identify particular OTUs that were differentially represented in BAL compared with OW communities (Figure E2 ). Similar to the neutral model findings, using V3-5 sequence data, an OTU classified as a member of the Enterobacteriaceae was significantly more abundant in the BAL samples compared with the OW samples of smokers. There was a similar, but nonsignificant, trend for the comparison of OW to BAL in nonsmokers ( Figure E2B ). Among the V3-5 data, but not the V1-3 data, there was also an OTU that was classified as Tropheryma sp., which was found in more Data are presented as n (%) or mean 6 SD.
BAL samples (26.0%) than in OW samples (1.8%, P ¼ 0.006; Figure 3 ).
OTU-Level Comparisons between Nonsmokers and Smokers
In comparisons between OW communities of nonsmokers and smokers using V1-3 sequence data, we measured significant differences in OTUs classified as Neisseria sp., Porphyromonas sp., and Gemella sp. (Figure 4A ). Among the V3-5 sequence data, there was a significant difference between the OW communities of smokers and nonsmokers in the relative abundance of an OTU classified as Porphyromonas sp. (Figure 4B ). There were no significant differences when comparing the BAL of nonsmokers to smokers ( Figure E3 ). Results of OW and BAL comparisons by smoking status were similar when analyses were limited to men only or when examined by pack-year history above or below the median (data not shown).
Overall Variation in Community Diversity and Structure
To measure the a diversity of the OW and BAL communities in smokers and nonsmokers, we used the number of observed OTUs, the Shannon and inverse Simpson indices, and the phylogenetic diversity (Table 2) . After accounting for paired samples, there were no significant effects in comparisons of smoking status or OW to BAL on any of the a diversity measures using the V1-3 dataset, but there were a significantly higher number of OTUs measured by V3-5 in smokers' BAL and OW than nonsmokers' (P ¼ 0.02). Nonmetric multidimensional scaling plots also demonstrated differences in comparisons of community structure of OW and BAL in nonsmokers and in smokers, but there was significant overlap between OW and BAL in both nonsmokers and smokers ( Figure E4 ). There were significant differences in the oral communities, but not in the lung communities, of nonsmokers compared with smokers ( Figure E5 ). Results of OW and BAL comparisons by smoking status were similar when analyses were limited to men only (data not shown). There were also no significant differences in comparisons of OW and BAL by BMI strata (data not shown).
Center-Level Comparisons
In analyses comparing results from each clinical center, there were no significant differences in the diversity indices (data not shown). Green points are the outlying operational taxonomic units (OTUs) for which the observed frequency is greater than the model prediction and dark golden points are the outlying OTUs for which the observed frequency is less than the model prediction. Mean abundance (B and E ) and detection frequency (C and F) of the outlying OTUs that are the strongest candidates for members of a lung microbiome in nonsmokers and smokers, respectively. Error bars in all histograms represent SE (*P value , 0.05, **P value , 0.01).
DISCUSSION
This multicenter study is the largest that examines the microbiome of the lower respiratory tract in healthy nonsmokers and smokers. We found that although the overall bacterial community detected in the lung resembles that found in the oral cavity, there were distinct bacterial species that were overrepresented in the lung. There were also significant differences in the microbiome of the oral cavity of smokers compared with nonsmokers. In contrast, lung populations did not differ significantly in overall analyses between smokers and nonsmokers.
A major controversy has centered on the existence of the "normal" lung microbiome. Previous studies have found that overall, the lung microbiome resembles that of the mouth, but these studies have had limited numbers of subjects (6, 7) . The finding that the majority of the organisms in the lung have also been detected in the mouth and upper airways is not surprising, as these sites are anatomically contiguous. The constant transport of microbes between these locations suggests the possibility that the lung microbiome could be in a continual state of flux, with new species being introduced or removed in a stochastic manner. Bronchoscopic contamination or carryover from the upper airway may also occur and influence detection of microbes in BAL samples, but studies of lung tissue have confirmed the independent presence of bacterial populations (7, 9) .
Study of the lung microbiome is a new field, and investigators have not yet reached consensus on how to analyze or present lung microbiome data. Under the null hypothesis of the neutral model, the distribution of microbes in the lung should mirror that seen in the "source" community (i.e., the mouth). Indeed, the presence of many microbes in the lungs was consistent with the neutral model of dispersal from the mouth; however, we also found some OTUs (e.g., Enterobacteriaceae sp., Haemophilus sp., both common causes of pneumonia) that exhibited significant deviations from the model, implying that these organisms were adapted toward proliferation in the lung environment. An important caveat is that we tested only for the mouth as the source community. Further evidence regarding a lung-specific microbiome needs to be confirmed by considering all possible sources, including the nose, throat, and gastrointestinal tract, and other methods of testing.
In our cohort, the most common genera in both BAL and OW were Streptococcus, Prevotella, and Veillonella. Other groups have found similar organisms in BAL with existence of a core pulmonary microbiome that includes Pseudomonas, Streptococcus, Figure 2 . Neutral model for nonsmokers (A, B, C) and smokers (D, E, F) from the 16S molecular surveys with variable regions 3 through 5. The solid line is the model prediction, and dashed lines represent 95% confidence intervals. Green points are the outlying operational taxonomic units (OTUs) for which the observed frequency is greater than the model prediction, and dark golden points are the outlying OTUs for which the observed frequency is less than the model prediction. Mean abundance (B and E) and detection frequency (C and F) of the outlying OTUs that are the strongest candidates for members of a lung microbiome in nonsmokers and smokers, respectively. Error bars in all histograms represent SE (*P value , 0.05, **P value , 0.01).
Prevotella, Fusobacterium, Haemophilus, Veillonella, and Porphyromonas (7, 8) . Organisms found to be more abundant in the lung in the current study included Haemophilus and Enterobacteriaceae. We also detected Tropheryma whipplei in about one-quarter of participants in BAL, but not in OW. This organism was previously reported in BAL from a single healthy individual (6) . Our larger sample size, however, likely improved our ability to detect rare bacteria in the lung. These data provide evidence of a lung population that cannot be explained solely by origin in the mouth.
We examined differences in the respiratory tract microbiome in nonsmokers and smokers. Previous work has shown that the oropharynx of smokers has a more diverse population than that of nonsmokers (14) . In addition, other groups have reported enrichment of certain organisms in smokers as well as depletion of organisms, particularly of normal community members (14, 25, 26) . We did not find differences in diversity of populations in the oropharynx of smokers compared with nonsmokers, nor did we find enrichment of particular species. We did find decreased relative abundance of Neisseria, Porphyromonas, and Gemella species in smokers. Gemella and Neisseria are members of the normal oral microbiota, and other studies have reported decreased abundance of Neisseria in smokers (6, 14) . Porphyromonas, a bacteria linked to periodontal disease, is generally increased in smokers who show a decreased inflammatory response to this organism; however, we found that it was depleted in oral washes of smokers (14) . Previous studies have generally directly sampled the subgingival region, possibly explaining differences from our results. Overall, these data confirm previous work suggesting that smoking disrupts the normal community structure in the mouth.
The current results provide important insights into the unsettled question of whether the lung microbiome in nonsmokers and smokers differs. In a study examining BAL in three neversmokers and seven healthy smokers, Erb-Downward and colleagues found that there were no significant differences between these groups (7). In our larger cohort, we also found no significant differences in BAL composition when examined as a whole in the two groups; however, when we specifically examined particular Bacteroidetes and Proteobacteria, we found that these microbes had decreased relative abundance in BAL from smokers. These findings suggest that smoking has a more profound effect on the microbial composition of the upper respiratory tract, but may also impact the community of the lower respiratory tract in more subtle ways.
To compare systematic differences resulting from examination of respiratory samples using primers that amplify different hypervariable regions of the bacterial 16S gene, we sequenced samples using primers for both V1-3 and V3-5. There was general agreement between these regions, but more reads were obtained from V1-3, and individual organisms were better detected with V3-5. The differences seen with different primers indicate that caution must be used in comparing results between studies using different 16S regions for amplification.
This study extends previous work in several important ways. We included individuals from multiple geographic locations and performed sequencing at a single center to minimize variability. We had strict inclusion and exclusion criteria to ensure that participants had no underlying medical disorders, including lung disease, that could affect the respiratory microbiome. Smoking status was also rigorously defined to determine whether smoking leads to alterations in lung microbiota.
There are also several limitations. Although this study is the largest to date of the lower respiratory tract, we still may have lacked power to measure significant differences in community structures, and we were unable to adjust for factors such as sex or race. Several borderline analyses might have become significant with more participants. Power calculations have not been standardized for microbiota analyses, as statistics used differ from those in traditional epidemiologic or clinical investigations. Systematic assessment of the mouth was not performed; therefore, we could not determine the impact on periodontal disease or tooth condition on the lung microbiome. Although bronchoscopy protocols were standardized as much as possible, sample collection and processing methods may still have differed between sites, and analyses of replicate extractions or use of different models might have yielded different results (27) . We did not detect clustering by study site, demonstrating that respiratory tract samples from multiple investigators can be pooled for central analysis if attention is paid to performing bronchoscopies in a similar fashion. Although we took multiple steps to minimize contamination during the procedure and from the environment and bronchoscope, the possibility of contamination still exists. Importantly, the similarity of our findings to Charlson and colleagues using a two-bronchoscope method (6) suggests that use of a single bronchoscope with appropriate precautions is a feasible approach for lower airway sampling if stringent analytic methods to control for upper airway contamination of lower airway samples are used. There may also be factors such as environmental exposures that influence the microbiome that we were not able to capture. Finally, the cultureindependent techniques used for detecting the microbiome do not allow for determination of bacterial viability. However, the use of the neutral model allows us to identify organisms that appear to be enriched for growth in the lung. Although this is an indirect conclusion, we would infer that these bacteria are reproducing in the lung. In addition, even dead bacteria may be clinically important, as they can still provoke an immune response.
In summary, we have performed the largest study to date of the respiratory microbiome in the healthy host. By applying the novel analytic technique of the neutral community model, we found that lung bacterial populations are similar to those in the oropharynx, but the lung also contains distinctive populations of organisms. Whether these organisms are viable and resident in the lung is difficult to determine, but the current findings suggest that a distinctive lung microbiome exists in some healthy individuals that does not arise solely from contamination or dispersal from the mouth. The role of these organisms and the nature of the immune response to them will be important areas of future research, including study of populations with altered immunity such as HIV-infected individuals.
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